One of the thrills of science is when a discovery made long ago, and nearly forgotten, gets picked up when viewing it from a new perspective and receives a whole new lease on life. The lattice arrangement of myosin filaments in vertebrate striated muscles is a case in point (see Ma et al. in this issue of the *Journal of General Physiology*). In the vertebrate muscle sarcomere, the myosin filaments in the A-band are arranged in a hexagonal lattice. In their classic study, [@bib9] examined frog (amphibian) sartorius muscle by x-ray diffraction and found that the arrangement was one in which immediately neighboring filaments did not have the same rotations around their long axes, but the next-nearest ones often did ([Fig. 1 c](#fig1){ref-type="fig"}). They called this a superlattice arrangement. The contents of the superlattice were discovered by [@bib16] by means of electron microscopy of thin transverse sections of frog muscle. They showed that the myosin filaments, which have a threefold rotational symmetry ([@bib27]), had one of two orientations on the lattice, 0 or 60°. They showed that, to generate a superlattice arrangement, filaments can be placed on a lattice with rotations determined by two simple rules (the "no-three-alike" rules; [Fig. 1, d and f](#fig1){ref-type="fig"}), which generate a superlattice of limited extent. However, further research by us ([@bib17]) and [@bib25] revealed that vertebrate striated muscles do not always have a superlattice arrangement of myosin filaments. In particular, it was found that, in the muscles of bony fish, all myosin filaments have the same rotation around their long axes ([Fig. 1 b](#fig1){ref-type="fig"}). This is called a simple lattice. [@bib21] have shown for the first time that a simple lattice structure occurs in some mammalian muscles as well.

![**The structural arrangement of striated muscle sarcomeres.** **(a)** Schematic diagram of a vertebrate striated muscle sarcomere with the thick myosin filaments (TF) forming the A-band and overlapping actin filaments (A), which extend to the Z-line (Z). Myosin filaments are cross-linked at the M-band (M), on each side of which are the bare regions (B), where the myosin filament backbone appears triangular (see also [Fig. 4 a](#fig4){ref-type="fig"}). The I-band extends from the A-band edges to the Z-line. **(b and c)** The appearance in electron micrographs of cross sections through the bare regions in panel a, for the simple lattice (b) and the superlattice (c). **(d--f)** Illustrations of the no-three-alike rules, and a superlattice unit cell where the no-three-alike rules have been applied (f). Adapted from [@bib18], with permission.](JGP_201912478_Fig1){#fig1}

Vertebrate skeletal muscle fibers and myofibrils have a characteristic cross-striated appearance such that each striation corresponds to the sarcomere-repeating unit of the muscle. As shown in the classic studies of [@bib10] and [@bib11], sarcomeres have a regular arrangement of overlapping myosin and actin filaments ([Fig. 1 a](#fig1){ref-type="fig"}; see also [Fig. 4 a](#fig4){ref-type="fig"}). The myosin filaments are bipolar; their component myosin molecules, with their globular ATPase heads projecting outward, point in opposite directions in the two halves of the central A-band. At their halfway point, they are cross-linked at the M-band by proteins such as myomesin and M-protein ([@bib15]). Both halves of the myosin filaments contain myosin-binding protein C (MyBP-C; C-protein) along part of their length ([@bib28]). Actin filaments are polar, and they point in opposite directions at each end of the sarcomere. The polarity changes across the Z-line (Z-band; [Fig. 1](#fig1){ref-type="fig"}), which cross-links the actin filaments primarily through the protein α-actinin ([@bib4]). Actin filaments carry the regulatory proteins tropomyosin and troponin ([@bib24]). Another major protein component of the sarcomere is the enormous molecule titin ([@bib22]; [@bib13]; [@bib2]; [@bib28]). Titin binds to myosin filaments from the M-band to the filament tip and then extends through the I-band to the Z-line.

This filament arrangement is characteristic of all vertebrate striated muscles---both skeletal and cardiac. However, some muscles contract quickly at the expense of fatiguing rapidly, while others are much slower but can maintain tension for longer. Some fibers have intermediate properties. Many muscles are a mixture of fast, slow, and intermediate fiber types; the proportion of different fibers is related to the physiological role of that particular muscle. The different behaviors of specific fiber types are due, in part, to the presence of different isoforms of the same sarcomeric proteins (e.g., myosin, actin, titin, MyBP-C, tropomyosin, and troponin; [@bib3]). Some of their effects can be rather subtle and may only manifest themselves when assessing the detailed physiological characteristics of the fibers. However, other differences are much more obvious. For example, different isoforms can alter the Z-line and M-band structures in ways that can be seen in electron micrographs ([@bib19]; [@bib23]). Another major effect is on the way that myosin filaments are arranged in the muscle A-band, which is the topic of the paper by [@bib21] in this issue.

Visualizing the myosin filament superlattice {#s2}
============================================

[@bib8] showed that the antiparallel configuration of myosin molecules in myosin filaments leaves a region free of heads ∼160 nm long in the middle. The M-band is located in the middle of this zone, which Huxley called the bare zone. The triangular shape of the myosin filament backbone (see [Fig. 1, b and c](#fig1){ref-type="fig"}) is most evident in the two spaces between the M-band and the position where the myosin heads start to project from the filament surface. [@bib16] termed these the bare regions ([Figs. 1 a](#fig1){ref-type="fig"} and [4 a](#fig4){ref-type="fig"}). Surprisingly, they found that the distribution of the triangular profiles across the myofibril was not regular in the bare regions and that the orientations instead obeyed the two no-three-alike rules mentioned earlier. Specifically, three myosin filaments in a row do not usually have the same rotation, and three myosin filaments at the corners of a triangle do not usually have the same rotation. As discussed later, these two rules cannot be applied perfectly across the myofibril. But if the rules are optimized, a statistical myosin filament superlattice can be generated ([Fig. 1 c](#fig1){ref-type="fig"}) in which the filaments at the corners of the unit cell tend to have the same rotation and the two filaments in the middle of the unit cell can have either of the two rotations (0 or 60°). Such superlattices do not tend to occur over a large number of unit cells; the wider distribution of filament rotations is rather irregular.

Some A-bands are simple {#s3}
=======================

As noted above, a surprising discovery by [@bib25], [@bib16], and [@bib6] was that not all vertebrate striated muscles have a superlattice in their A-bands. These studies on bony fish muscles found that all the triangular profiles of myosin filaments across an A-band in a myofibril had exactly the same rotations ([Fig. 1 b](#fig1){ref-type="fig"}). In other words, they contain a simple myosin filament lattice and not a superlattice. The simple lattice makes the whole of the A-band much more regular, and x-ray diffraction patterns from bony fish muscles, in particular, are beautifully sampled to give almost crystalline fiber diffraction patterns ([Fig. 2](#fig2){ref-type="fig"}). The presence of a highly ordered simple lattice makes it much easier to carry out ultrastructural studies. Indeed, considerable insight into muscle architecture and function has come from studying these regular muscles (e.g., [@bib17]; [@bib7]; [@bib5]; [@bib14]).

![**An example of a beautifully ordered low-angle x-ray** **diffraction pattern from a bony fish muscle.** The axis of the muscle fiber is vertical. Horizontal rows of spots (layer lines) come mostly from the myosin heads on the myosin filaments. They index on an axial repeat of 42.9 nm. Rows of spots in the vertical direction (row lines) provide information about how the myosin filaments are organized in 3-D in the hexagonal A-band lattice. This is the typical pattern of a well-ordered simple lattice muscle. Adapted from [@bib7], with permission.](JGP_201912478_Fig2){#fig2}

Evolution of muscle types {#s4}
=========================

Because some muscles have a simple lattice and some a superlattice, it was of interest to study sarcomeres throughout the animal kingdom to discover how these two structures evolved. The results of such a systematic study, performed by [@bib18], are illustrated in [Fig. 3](#fig3){ref-type="fig"}. To study the A-band lattice of every species is clearly an impossibility, so as many representative examples as possible were studied in each order of the craniates. In addition, studies in the literature were scrutinized to see if they provided evidence of either lattice type. The surprising discovery was that both super- and simple lattice arrangements were present in fast white and slow red shark muscles, respectively. The general conclusion of the study was that the disordered superlattice arrangement came first, as seen in hagfishes and lampreys, and that the simple lattice emerged in the elasmobranchs (sharks and rays), in which both lattice types are seen in different muscles, and chimaera, which is superlattice. More recent vertebrates, the osteichthyes, can show either lattice type, except the teleosts (bony fish), in which the simple lattice seems to always be present. In the case of later vertebrates (lungfishes, tetrapods), it was thought that the superlattice had prevailed. However, the new results of [@bib21] throw a new light on what is going on, at least in mammalian muscles, which seem to follow the pattern found in shark muscle.

![**A simple evolutionary tree for the craniates showing where simple lattices and superlattices have been found.** Data from [@bib18], [@bib20], and [@bib21]. Particularly large families are the teleosts, where all muscles studied so far have simple lattices, and the tetrapods (mammals, amphibians, reptiles, and birds), which until now have generally shown superlattice structures. The work of [@bib21] has now found the simple lattice structure in rat SOL muscles, which consist predominantly of slow fibers.](JGP_201912478_Fig3){#fig3}

The new observations {#s5}
====================

Most muscles are a mixture of fiber types, but there are one or two mammalian muscles that are predominantly of one type. For example, in the rat the extensor digitorum longus (EDL) muscle consists almost wholly of fast fibers (types IIA, IIB, and IID/X), whereas the soleus (SOL) is 85--95% slow (type I) and only 5--15% fast IIA. [@bib21] performed electron microscopy of thin transverse sections through the bare regions of these muscles, as well as low-angle x-ray diffraction. They found that the fast EDL muscle appeared to show the superlattice structure, although not very highly developed. Much clearer was that the slow SOL muscle showed strong evidence of a simple lattice. The bare region transverse sections showed triangular filament profiles with similar rotations ([Fig. 1 b](#fig1){ref-type="fig"}), and the x-ray diffraction patterns showed similar layer-line sampling to that in [Fig. 2](#fig2){ref-type="fig"}. Assuming that the ratio of slow to fast fibers in SOL is roughly 9:1 and that all fast fibers have a superlattice structure, the effect on the x-ray diffraction pattern would be minimal. The intensity of peaks in x-ray diffraction patterns is proportional to the square of the mass of the diffracting material, so 9:1 fiber content would give intensities in the ratio 81:1, assuming the fibers in the two fiber types have roughly the same diameter. The simple lattice pattern would clearly dominate, and the diffraction from any minor superlattice component would be smothered.

Do all slow mammalian fibers have a simple lattice? {#s6}
===================================================

A prior study of mouse diaphragms, which are thought to contain ∼98% fast-twitch, fatigue-resistant fibers (type IIA), showed x-ray diffraction evidence of a simple lattice ([@bib12]). [@bib21] suggest that maybe it is not just slow fibers that are simple, but fatigue-resistant fibers are, too. [@bib18] showed that sharks and rays have fast white fibers with a superlattice and slow red fibers with a simple lattice, revealing a potential trend in some animals. Perhaps it is also a common property of mammals that slow-fatigue fibers have a simple lattice, and other fibers have a superlattice. If so, the correlation is not perfect across the craniates because teleosts have slow red and fast white fibers, all of which appear to have simple lattice A-bands.

Why would simple and superlattice A-bands be functionally different? {#s7}
====================================================================

Evolutionary changes usually confer an advantage; otherwise, they would presumably not occur. So why would a simple lattice evolve from a superlattice for some animals ([Fig. 3](#fig3){ref-type="fig"})? Of course, it is possible that there is no advantage and that it was a neutral evolutionary change. However, it is of interest to consider what functional changes the different rotations would make. Remembering that each actin filament is surrounded by three myosin filaments in the vertebrate A-band lattice, the different filament rotations will produce different myosin head arrangements around the actin filament. As detailed in Fig. 5 of [@bib18], the superlattice tends to spread the myosin heads along the actin filament so that, in principle, head interactions can occur at any actin position and the heads on different myosin filaments are not competing for the same actin binding sites. The simple lattice, on the other hand, has the effect of placing six myosin heads at the same axial level around an actin filament, leaving other parts of the actin filament with few heads available. At first sight, this seems more of a disadvantage than an advantage. One effect might be to reduce the tension produced by the simple lattice muscles, perhaps to reduce the ATP turnover rate ([@bib20]). In teleosts, where simple lattices dominate, the bulky white body muscle defines the shape and streamline of the fish, and the small strip of red fibers along the lateral line provides most of the force for slow swimming. The white fibers are generally not used for this swimming, but are available for rapid escape or predatory responses ([@bib26]). Perhaps the simple lattice of the white fibers in the bulk of the fish reduces ATP usage. Simple lattice muscles do appear to produce lower isometric tensions than superlattice muscles, but the different protein isoforms in the different muscles make it difficult to determine if the lower tension is a lattice effect or something else. If it turns out that mammalian slow fibers often have a simple lattice, then elucidating the advantage that this gives will be an important future target.

Which molecular structure defines the A-band lattice type? {#s8}
==========================================================

Our final comment is about the structure in the A-band that defines the two lattice types. [Fig. 4](#fig4){ref-type="fig"} illustrates what might be going on. We know from previous studies that the bare-zone regions of vertebrate striated muscle myosin filaments have the symmetry of the dihedral point group 32 ([@bib17]; [@bib1]). This means that, in addition to the threefold rotational symmetry around the filament long axis, there are three twofold rotation axes at the level of M1 in the M-band ([Fig. 4 a](#fig4){ref-type="fig"}) perpendicular to the threefold axis and spaced at 120° intervals around the threefold axis. Because myosin filaments make M-bridge connections with each of their six surrounding myosin filament neighbors in the M-band, the M-bridge interactions must be of two types, as indicated by different colors (blue and yellow) in [Fig. 4 b](#fig4){ref-type="fig"}. Each set has three bridges spaced 120° apart around the long axis of the filament. The two types represent the same molecular structure, but one set would be rotated by 180° around a twofold axis to give the other. [Fig. 4 b](#fig4){ref-type="fig"} shows that, if the interaction at the M-band is always between M-bridges of opposite polarity (blue and yellow circles), then a regular simple lattice structure is always generated. On the other hand, problems prevail if like interactions are preferred ([Fig. 4 c](#fig4){ref-type="fig"}). Roughly two out of three M-bridge interactions can be made between like partners, but inevitably some unlike interactions will be made as well. If, while building up an A-band, the like interactions are optimized, then a statistical superlattice is automatically generated. This is an example of geometrical frustration and is a well-known phenomenon in solid-state physics ([@bib29]). Details of which M-band proteins are involved in these interactions have yet to be determined, although structures at the level of M4 have been suggested since the M4 bridges always seem to be present in different M-bands, but the M1 and M6 densities vary. Obtaining good ultrastructural data on the M-band is an urgent priority.

![**Comparison of simple lattice and superlattice arrangements in the M-band.** **(a)** Illustration of the myosin filament bare zone (the whole length between the first left and right myosin head positions) and the M-lines (M4′, M1, and M4), which form part of the M-band. Some fiber types have more lines (M6 and M6′) equally spaced outside the other lines. The bare regions lie between the M-band and the level of the first myosin head. **(b and c)** Schematic illustrations of the possible origins of the simple lattice and superlattice packing interactions at the M-band. The bare zone structure in panel a has the symmetry of the dihedral point group 32 ([@bib17]; [@bib1]). This means that it has threefold rotational symmetry around the filament long axis and three twofold rotation axes at right angles to the threefold axis and in the plane of M1. The myosin filament makes bridges in the M-band to all six surrounding myosin filaments in the hexagonal lattice, three of which must have the opposite polarity to the other three (i.e., rotated by 180° around a twofold axis). These two possibilities are shown by yellow and blue circles. The yellow and blue half-bridges represent the same molecular structure, but rotated around a twofold axis by 180°. **(b)** Unlike interactions automatically generate a simple lattice, as indicated by the white triangles. **(c)** On the other hand, if like-with-like interactions are preferred, then two out of three interactions can be satisfied for three filaments on a triangle, but the rotation of the third filament will always be ambivalent (at least one of the interactions must be an unlike interaction). Optimizing the like interactions inevitably produces a statistical superlattice. For details, see text.](JGP_201912478_Fig4){#fig4}
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